Traditionally, routing decisions have been based on minimizing travel time as the associated cost. Eco-routing considers the environmental aspects (e.g., emissions and fuel) as part of the travel cost to mitigate the undesirable impact of transportation systems on the environment. Unlike the existing eco-routing review papers, this research work is aimed at providing a threefactor taxonomy at a more disaggregated level from the optimization perspective and map eco-routing studies to the proposed taxonomy. Furthermore, the strengths and weaknesses of the presented models are summarized. Our main findings include (a) a majority of studies optimized one objective at a time; (b) the microscopic level of aggregation of the flow and emission/fuel models was rarely employed for large case studies, due to the associated complexity; and (c) all of the reviewed studies were applied in a centralized routing system environment. In the near future, when intelligent vehicles will be on the roads, a multi-objective distributed routing framework can be employed with a microscopic level of aggregation for both traffic and emission models, which is capable of operating on largescale networks in real time. Additionally, short-term spatiotemporal prediction of GHG cost is a crucial aspect to be tackled.
Introduction
To alleviate the negative impact of transportation systems on the environment, several approaches have been suggested: (1) substituting the fossil fuel with cleaner energy sources, (2) improving the technology of vehicles, and finally, (3) employing intelligent transportation system (ITS), which is a form of improvement in information and communication technology (ICT). The ITS solution is the most promising one as it can control several indicators, such as speed, traffic signals, and route guidance to minimize the negative impact on the environment [1] . GHG emission is one of the worst environmental impacts, and vehicle routing can be employed to minimize it while directing vehicles to their destinations. This type of routing is known as eco-routing [2] . Initially, in the context of route guidance as well as traffic assignment, routing considered a single objective-in particular, the objective involved minimizing travel time [2] . Nevertheless, researchers have started incorporating more than one objective while assigning or guiding traffic. Dealing with multiple objectives is associated with higher complexity due to the heterogeneous interactions between different objectives. For instance, enhancing network throughput may conflict with emission reduction, if the resulting optimal speed for traffic flow is higher than the operating speed required for fewer emissions. On the other hand, less idling would contribute to fewer emissions as well as high throughput. It is profound to note that CO 2 emissions as a routing objective are aligned with fuel consumption [3] , but other pollutants, such as CO, HC, and NOx, are not necessarily aligned [4] . While determining the optimal route with multiple objectives, the fastest or the shortest route may not be optimal from the environmental perspective [5, 6] . Also, a routing strategy that aims to minimize individuals' emissions may give worse results in terms of the total network emissions, similar to the case of a standard travel time-based user equilibrium (UE) assignment [7] . In this study, databases available at Ryerson University's digital library (a complete list of scientific databases available at Ryerson library can be found at https:// library.ryerson.ca/articles/) and Google scholar are used to explore the relevant journals. A range of search strings have been utilized, including (note that this is not an exhaustive list of search strings that we used) multi-objective routing, ecorouting models, eco-routing AND distributed routing systems, environmental routing, classification AND eco-routing models, taxonomy AND eco-routing studies, Information and Communication Technology (ICT) advancements AND eco-routing, and eco-routing literature review. In terms of the temporal window, our search involved all the work since 1988 to date.
To develop a better understanding and to use eco-routing models more effectively, there is a strong need to investigate these models further and systematically classify the existing body of work. It is essential to note that the previous ecorouting review papers mainly focused on three categories, which are models with environmental objective, models with environmental constraints, and models for environmental assessment. However, in this project, eco-routing models have been classified at a more disaggregated level. Critical factors have been chosen that distinguish a model from another in the context of optimization. Developing a multifactor taxonomy would guide researchers and practitioners to choose the most appropriate approach that matches their problem scope and specifications. Furthermore, a clear illustration of strengths and weaknesses based on state-of-theart would provide a clear direction for the potential future work, which could fill the gaps identified. It is worth mentioning that we only considered the eco-routing models that were applied to personal transportation. Toll pricing, eco-routing in the context of traveling salesman problem, and issues around the use of electric vehicles were not taken into consideration. Table 1 illustrates the acronyms and abbreviations in this research work.
The main contributions of this work are as per the following:
(1) Develop a three-factor taxonomy that captures the essential characteristics of eco-routing models and map the literature accordingly This work is organized as follows: section 2 includes a brief overview of routing, eco-routing, and traffic assignment concepts. The main types of traffic assignment and traffic assignment relationship with routing are illustrated. The optimization formulation of vehicle routing and eco-routing as an extension of the initial routing concept is demonstrated. Section 3 presents the approaches available for estimating emissions. Section 4 maps the reviewed eco-routing studies to the proposed taxonomy. Section 5 includes a discussion and concludes the major findings. Finally, section 6 incorpo-rates suggestions and discussions on the future direction of eco-routing models.
Vehicle Routing, Eco-Routing, and Traffic Assignment
Routing is guiding vehicles to their destinations based on a single criterion, such as travel time, distance, emissions, and fuel, or any combination of them. The concept of vehicle routing has been used by public road agencies for decades. The main tool used by the agencies is the roadside variable message signs (VMSs). Nevertheless, with the ICT advancements, route guidance services by the private parties have ballooned due to the commercial introduction and affordability of the standalone personal navigation devices and smartphones [8] . More recently, environmental variables, like CO 2 emissions and fuel consumption/type, were taken into account, and eco-routing was introduced to replace the conventional routing concept that only aimed to minimize travel time. Other synonym terms of eco-routing can be pollution routing [9] or green routing [10] . Traffic assignment plays a profound role in forecasting travel time in long-term transportation planning. Additionally, it has a substantial role in short-term traffic operation management and control [11] . Traffic assignment is the last step of the transportation demand forecasting process that focuses mainly on the choice of the path from an origin to a destination. The route choice is based on the objectives set by drivers or by governments [12] . Figure 1 illustrates the possible sources of data, the classification of traffic assignment, components of traffic assignment, and the relationship between traffic assignment and routing. Traffic assignment models are classified into two major categories: the static (STA) and the dynamic traffic assignment (DTA). The STA models do not represent the congestion phenomenon and consider equal in-and outflow from a link which is unrealistic. The main outputs of STA models are average speed, traffic volume, traffic composition, and the level of service [13] that are used to estimate the weights of traffic characteristics to define the routes [14] . On the other hand, DTA models are based on a direct relationship between congestion and traffic flow [13] . DTA represents the real situation more efficiently in which it considers the changes in the traffic flow with time. As a result of the high spatial and temporal resolution associated with DTA, a more reliable estimation of weights reflecting on traffic characteristics is achieved [11] . DTA is an iterative process that examines the progress of achieving either user equilibrium (UE) or system optimal (SO) assignment [15] . Achieving UE or SO is associated with weights of the different traffic characteristics taken into account (travel time, distance, emissions, and fuel) for every link. As presented in Figure 1 , both STA and DTA consist of two components which are traffic flow model and travel choice principle.
Traffic flow models can take three forms: microscopic, mesoscopic, and macroscopic [3] . The microscopic model considers the detailed temporal characteristics of every vehicular agent in the network. It requires models that account for the behavioural aspect of the drivers. The outputs can include the position, speed, and acceleration of every vehicle at each 2 Journal of Sensors time step. The mesoscopic model goes between the microscopic and macroscopic flow models. It represents the vehicle flow in aggregate terms, and the behaviour rules are captured in detail. Finally, the macroscopic requires aggregated information about the vehicular dynamics. The main drawback here is that it cannot capture reality and certain traffic incidents, such as queues or spillbacks [14] . Wardrop formulated two basic travel choice principles for traffic assignment [16] . The first principle is the user equi-librium (UE): "The journey cost on all the routes actually used are equal, and less than those which would be experienced by a single vehicle on any unused route", while the other being the system optimal (SO): "The average journey cost is a minimum for all routes in a network". Compared to an assignment based on this principle, a lower average travel cost cannot be achieved by any other assignment. SO assignment is what authorities seek to achieve as the total travel cost in a network is minimized. This type of traffic assignment means that 
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With regard to the relationship between traffic assignment and routing, a brief illustration is as follows. Routing vehicles involves guiding them based on one objective (travel time, distance, emissions, or fuel) or more than one objective (both travel time and emissions). To route vehicles, the cost of the objectives considered is required. For instance, if vehicles are routed to the fastest route, travel time could be the objective and the cost of every link in the traffic network is needed. The cost of an objective can be obtained from different sources: sensors distributed in the network, probe vehicles collecting information about the objectives taken into account from the network, statistical and historical data sets, and traffic assignment. Traffic assignment, and more specifically, the DTA, routes vehicles to their destinations by an iterative process for defined traffic flow and specific time period. When applying traffic assignment for the first iteration, the costs of links are estimated/assumed, and routes are calculated accordingly. Then, every future iteration calculates the costs of links based on the previous iteration's routes. This process continues until equilibrium is reached (UE or SO) as discussed above. The equilibrium-state cost of a link is the cost employed while routing vehicles, and this summarizes the relationship between routing and traffic assignment. Thus, the performance of vehicle routing is explicitly dependent on the traffic assignment due to the fact that the outcome of the traffic assignment process is the input for a routing process [17] .
From the optimization perspective, Equation (1) illustrates the general formulation of the objective function for a routing problem:
where T i is the travel time on link i; D i is the distance traversed on link i; E i is emissions on link i which can be CO 2 , CO, NOx, or any other pollutant; F i is fuel consumed on link i; n is the number of links of a path k; and W t , W d , W e , and W f are weights associated with travel time, distance, emissions, and fuel, respectively. It is worth mentioning that variables in Equation (1) (T, D, E, and F) have different units and weights transform them into a consistent unit (e.g., monetary value). Figure 2 illustrates the general logic followed while applying eco-routing. Traffic variables (speed, distance, acceleration, deceleration, etc.) are the typical outcomes of either traffic flow models as described in section 2 or real data collected. Traffic variables are fed into an emission/fuel model, as it is described in section 3. The estimated variables of traffic and emissions/fuel are used for the optimization process to define the optimal route. When the route is chosen, traffic characteristics are modified accordingly. It is important to note that this is an iterative process, for possibly every t seconds.
Vehicle Emission Modelling
Since the 1960s, the negative impact of emissions has been considered while managing transportation systems. A wide variety of gaseous pollutants and fine particulate matter from fuel consumption are emitted from vehicles on roads. Carbon monoxide (CO), nitrogen oxides (NOx), and particulate matter (PM) have been listed as critical air pollutants by most environmental protection agencies and departments (e.g., U.S., EU, Australia, and Hong Kong) [11] due to their severe undesired effects on humans and the ecosystem. Different factors affect emissions, including distance travelled, speed, time spent in a specific driving condition, and fuel consumed. Hence, in terms of estimating emissions, there are several models employed based on the scale and details available. Aligned with the two main categories of traffic assignments as in section 2, emission models are set to be either static or dynamic. Below in subsections 3.1 and 3.2, further classification is applied on static and dynamic emission models as illustrated in Figure 3 .
Static Emission Models.
This type is based on macroscopic information of the traffic network. Although several studies have shown that the static emission models cannot estimate emissions precisely, such models are used widely for transportation application purposes (e.g., [2, 18] ). It is mainly because of their simplicity and ease of use. The static emission models are further classified based on the level of complexity as per the following: (1) aggregated models that are associated with a very low resolution in terms of the data used. These models employ emission factors to estimate emissions based on vehicle kilometres travelled (VKT), vehicle miles travelled (VMT), or fuel consumed. The UK National Atmospheric Emission Inventory and the Energy Book for transport are two examples of the aforementioned models [14] . (2) Average-speed models are based on the average speed during a trip and emission factors. The emission factors of these models are in (g/VKT) or (g/VMT). An example includes the Computer Program to Calculate Emissions from Road Transport (COPERT) [19] . Other examples are a computer program that estimates different emission factors (MOBILE) [20] and the EMFAC2014 [21] . Since this type of model depends on the average speed of vehicles, congestion is taken into account implicitly. Nevertheless, this approach will not be a good fit for congested areas when vehicles are idling. Lastly, (3) traffic situation models require qualitative variables (e.g., road type, congestion level, and area type) and quantitative variables (e.g., average speed, traffic volume, VKT or VMT, and link length). Emission factors employed for these models are referenced to a specific traffic condition. Hence, a high level of subjectivity is associated with these type of models. Examples of this type include the Handbook Emission Factors for Road Transport (HBEFA) [22] and the Assessment and Reliability of Transport Emission Models and Inventory Systems (ARTEMIS) [23] . Among the three static emission models, this one is the most detailed that takes into account different variables to provide better estimation and accountability for congestion [11] . 4 Journal of Sensors
Dynamic Emission Models.
This type is based on secondby-second time increment vehicular variables, further classified into three categories: (1) Regression-based models employ regression approaches to estimate emissions based on detailed variables that represent driving cycles. Speed, acceleration levels, or speed time profile data are required to define average emission factors (g/s) or (g/VMT) or (g/VKT). This model can be used aside with microscopic data obtained from the GPS equipment and is suitable for use with the DTA models. Nevertheless, this type of model is very sensitive to overfitting of the calibrated data because of the large number of variables. Examples of this type include VERSIT+ [24] and the Virginia Tech Microscopic Energy and Emission Model (VT-Micro) [25] . (2) Modal models are a function of different modes of vehicular operating conditions (e.g., starts, idle, acceleration, deceleration, and cruise). Emission factors (g/s) or (g/VMT) or (g/VKT) are defined based on the operation mode. Both vehicle characteristics and cycle characteristics are required as inputs for this type of model. An example of this type is the Mobile Emission Assessment System for Urban and Regional Evaluation (MEASURE) [26] . And finally, (3) instantaneous models are the most detailed and most accurate to estimate emissions. Both dynamic operating variables (e.g., second-by-second speed, road grade, and vehicle accessory use) and static parameters (to characterize the vehicle tailpipe emissions for the appropriate vehicle/technology category) modes are required as inputs. Nevertheless, this type of model is difficult to calibrate and needs intensive vehicular characteristics, operations, and locations.
This raises the difficulty of using such a type of model with DTA. Examples include Passenger car and Heavy-duty Emission Model (PHEM) [27] , Comprehensive Modal Emission Model (CMEM 2) [28] , and Motor Vehicle Emission Simulator (MOVES 3) [29] . MOVES Lite is an extension of MOVES that was introduced to overcome two main shortcomings of the latter, i.e., high computational power required and complexity [30] .
Taxonomy of the Eco-Routing Studies
A three-factor taxonomy is adopted as shown in Figure 4 . The first factor of taxonomy, which reflects on the quality of the outcomes, is based on the level of aggregation of both traffic flow and emission/fuel models. Traffic models are mainly used to define average or instantaneous speed to estimate average or instantaneous emissions on links at following levels: Finally, the third factor of taxonomy is related to the number of objectives optimized at a time. Generally and in most of the routing studies, single objective was taken due to the contradiction between routing objectives. Nevertheless, over time, environmental objectives have been taken into account in addition to other objectives for more sustainable transportation systems and due to their significant negative impact on the environment. In this research work, the two main categories considered are as follows:
(i) Single objective (1): the routing objective can be travel time, distance, GHG, or NOx (ii) More than one objective (2): different combinations can be chosen while routing vehicles to their destinations. Travel time is generally prioritized and combined with one or more of other objectives, such as GHG, NOx, distance, and fuel in the case of multiobjective routing
For example, AL2 is for eco-routing models that employed macroscopic flow and emission/fuel models and large case study and optimized more than one objective at a time. Table 2 maps each of the reviewed eco-routing studies to a specific category based on the taxonomy factors defined.
Discussion and Concluding Remarks
The taxonomy is based on the profound characteristics, level of aggregation of traffic flow and emission models, scalability, and the number of objectives optimized simultaneously. The aforementioned characteristics are chosen due to their importance and ability to reflect on the applicability of each model. Classifying studies in the literature would help practitioners choose suitable models that match the characteristics of their case studies and available inputs. In addition, illustrating the detailed categorization of eco-routing studies guides researchers towards further investigations for more sustainable transport systems.
Most of the reviewed studies optimized one objective at a time, such as travel time, distance, or emissions/fuel. Examples can be found in [5, 10, 18, 33] . While optimizing environmental indicators, a reduction was achieved, and the trade-off between environmental variables and travel time was demonstrated as in [3, 38, 40] . In the literature, there was not a clear differentiation between two concepts: dynamic routing and dynamic traffic assignment. At times, the dynamic traffic assignment has been used to refer to dynamic routing. Both terms are defined in detail in section 2.
Speed is a major contributor to emissions (CO 2 and NOx) [39] . The relationship between speed and CO 2 and NOx is nonmonotonic and nonlinear. Improving speed may not always be favourable from the environmental aspect, that is, studies did not elaborate on the impact of the nature of the relationship between speed and emission, while ecorouting. Furthermore, it was not always stated if CO 2 and/or NOx emission rates were based on distance or time and link GHG/NOx cost was rarely demonstrated in detail. It is worth mentioning that when the emission factors are based on time spent on a link, the impact of distance travelled is neglected. Similarly, when emission factors are based on distance, the effect of time spent is excluded. In both cases, the traffic condition is not represented effectively.
With regard to the trade-off between emission and time, studies that compared between different routing strategies found that minimizing emissions/fuel was at the cost of a Large case study (L)
Scaleability
One objective (1) More than one objective (2) Objectives optimized Figure 4 : Abbreviations of the three-factor taxonomy.
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Journal of Sensors [3, 5, 7, 10, 38, 41] . With respect to the scalability factor, employed case studies were limited, and restrictions were made on OD pairs in [3, 33, 40] . When it comes to the level of aggregation of traffic flow and emission models, the use of macroscopic or mesoscopic models to represent traffic flow or emission is a drawback-especially with the advancements in the ICT. For instance, when average speed was utilized in [10, 37, 38, 40] , emissions were underestimated. Models that utilized regression models, such as in [18, 37, 38] , were dependent on vehicular speed to estimate emissions produced and/or fuel consumed. This means that they are not capable of representing congestion reliably in urban areas. For specific studies, the use of probe vehicles as in [5, 36, 39] is associated with a limitation as low MPRs would lead to unrealistic and unreliable representation. Only one model by Luo et al. [3] considered the prediction concept when evaluating objectives. In terms of NOx, which is the pollutant reflecting the impact of transportation systems on public health, there was a limited number of studies that considered it while routing vehicles.
Finally, the most up-to-date models in [34, 36] incorporated one of the ICT advancements, i.e., vehicle to infrastructure (V2I) communication. However, they were still applied in a centralized routing framework like previous studies. A centralized routing framework is associated with drawbacks related to the large investment required, high sensitivity to system failure, lack of relevancy of the information to a specific trip, and high complexity when updating a system compared to distributed routing systems [42] . Also, the main goal of the most recent studies [34, 36] was to demonstrate the effect of communication characteristics on proposed models as they utilized V2I communication. Thus, more attention should be devoted in utilizing the distributed routing systems. For instance, Farooq and Djavadian [43] proposed an end-to-end distributed dynamic routing system for connected autonomous vehicles (E2ECAV). The E2ECAV was examined with different conditions experienced in Downtown Toronto, which is an urban area that can become highly congested. The effectiveness of the proposed E2ECAV in terms of throughput, travel time, flow, density, and flow was examined in [44, 45] . The results were encouraging in which around 18% reduction of mean travel time was observed when employing 100% CAVs in the case of highly congested traffic conditions. Moreover, the study showed that the higher the MPR of CAVs, the better the throughput and the less time required to achieve 100% throughput. Furthermore, enhancements to speed, density, and flow have been noticed with higher MPRs of CAVs [44] . The general trend was that the higher the MPRs of CAVs, the better the traffic network characteristics, especially for congested and highly congested traffic conditions due to the up-to-date information about the traffic condition [44] . From the environmental perspective, Tu et al. [46] assessed the impact of applying the E2ECAV distributed dynamic routing system on the environment. Different MPRs and demand levels were investigated. When the demand level was low, the impact of employing high MPRs of CAVs was negligible. However, when the network was extremely congested, 100% CAV decreased the total GHG and NOx by 40% and 12%, respec-tively. Generally speaking, higher MPRs led to lower total GHG emissions in the network, while the optimal MPR differed for different demand levels. The optimal MPR was 70% CAV for uncongested and highly congested traffic conditions that contributed to 5% and 41% decrease in GHG and NOx, respectively. Nevertheless, the optimal MPR of CAVs was 100% for congested traffic conditions [46] .
Potential Directions
As most of the studies are aimed at optimizing one objective at a time while routing vehicles, more research efforts should be devoted towards the multi-objective routing. Furthermore, it is paramount to consider public health while routing vehicles that was rarely captured in the studies reviewed. Hence, more attention should be dedicated towards the quantification of indicators, such as exposure and dispersion. Exposure is being in the presence of some substance in an environment. Dispersion is also an indicator that has been used to measure the impact of transportation on public health. Dispersion represents one cause of the pollutant movement [47] .
Researchers should consider incorporating eco-routing option or multi-objective routing in routing software like WAZE [48] and Google Maps [49] especially that citizens are more aware of the undesired impact of their trips on the environment. Nevertheless, incentives should be investigated.
As evident from [42] , the efficiency of a routing system plays an important role in mitigating congestion that has an explicit negative impact on the environment. Since the most up-to-date studies are still dependent on centralized routing systems that have limitations [42] , distributed routing systems (e.g., [42, 43, 50, 51] ) that have proven their capabilities in outperforming the centralized routing systems should be considered for future models. More emphasis on dynamic routing should be given due to the advancements in the ICT, which would facilitate the process of representing traffic conditions more realistically. Crowdsourcing is a proposed tool to make efficient decisions in transportation based on crowd experience [52] . It is suggested to share information about emissions produced by crowds with other users via cellphones to avert the negative impact on the environment. A study by Wu et al. [53] utilized cellular and traffic sensor data to estimate route flow. This can be extended to incorporate the environmental dimension while routing. The employment of microscopic models for both flow and emission/fuel is profound as the higher the spatial and temporal resolution of the data points, the better the reflection on the real condition and the higher the accountability for the congestion phenomenon. Investigating the impact of eco-routing for different congestion levels and different MPRs of intelligent vehicles would be an added value to the literature. Predicting traffic characteristics, such as speed, flow, and density, is an essential tool for managing traffic flow efficiently. Prediction can be implemented for the short-term and long-term. The traffic variables that can be predicted are the average speed, density, flow, and travel time [54] . By linking the concept of prediction to eco-routing, emissions can be predicated similarly to other traffic indicators and vehicles 8 Journal of Sensors would be routed accordingly [3] . An example of prediction can be a study by Jiang et al. [55] . Traffic and emissions were predicted on an expressway by using data from probe vehicles and detectors. The authors predicted speed by using the virtual trajectory method that was used to estimate emissions on links [55] . In terms of the case studies, larger networks as in [10, 18, 32, 36] would be preferable to illustrate the effectiveness and scalability of proposed approaches.
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